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Synthetic cross-linking reagents, such as 3,3-dithiobis(sulfosuccinimidyl propionate), DTSSP,
can react with sidechains of amino acids that are within close proximity. Identification of
cross-linked residues provides insight into the folded structures of proteins. However, analysis
of proteolytic digests of proteins cross-linked with commercially available DTSSP is difficult
because many ions cannot be attributed to reported reactions of DTSSP. To better understand
the reactivity of DTSSP, products from the reaction of DTSSP with several model peptides
were analyzed by HPLC electrospray ionization mass spectrometry (ESIMS). Several products
not previously reported were identified. Sources for these unexpected products were traced to
reaction of DTSSP with contaminant ammonium ions in the buffer, to reaction of contaminants
present in the commercial DTSSP reagent, and to reactivity of DTSSP with serine and tyrosine
residues. In addition, the collision-induced-dissociation (CID) of peptides modified by DTSSP
was investigated. These results showed that certain DTSSP-peptide adducts easily undergo
in-source fragmentation to give additional unexpected ions. This study of the reactions of
DTSSP with model peptides has revealed the major types of ions that are likely to be found in
proteolytic digests of proteins cross-linked with DTSSP, thereby facilitating identification of
the cross-linked residues that can provide information about the three-dimensional structures
of folded proteins. (J Am Soc Mass Spectrom 2004, 15, 736–749) © 2004 American Society for
Mass SpectrometryThe biological functions of proteins are determinedby their three-dimensional structures. The mostwidely used techniques for determining these
structures, X-ray crystallography and NMR, both re-
quire large amounts of protein. In addition, growth of
high quality crystals may be problematic for X-ray-
crystallography and high resolution NMR analysis is
generally limited to highly soluble proteins with molec-
ular weights less than 30 kDa. Cross-linking residues
within close proximity is another approach for obtain-
ing three-dimensional structural information. Although
the resolution of this approach is usually low, it re-
quires little material and can be applied to sparingly
soluble proteins of virtually any size. Cross-linkages
may be either intramolecular or intermolecular. In-
tramolecular cross-linking demonstrates which regions
within a protein are adjacent [1–3], while intermolecular
cross-linking indicates adjacent regions of subunits in a
protein assembly [4–6]. To identify cross-linked resi-
dues, proteins are digested into peptides whose identi-
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doi:10.1016/j.jasms.2004.01.011ties are determined by mass spectrometry (MS). Specific
residues joined by cross-linkages may be identified
from the amino acid sequence of the peptide if the
reactivity of the cross-linking reagent is known, or by
collision-induced-dissociation (CID) MS/MS analyses
of the cross-linked peptides. This combination of cross-
linkers and mass spectrometry provides information
that may lead to detailed three-dimensional structures
of proteins [1].
The cross-linking reagent, DTSSP, is often used for
these structural analyses [4, 7–12]. This homobifunctinal
cross-linker reacts with the primary amines of lysines
and the N-termini of proteins [13]. As illustrated in
Figure 1, two types of products characterized by mass
increases of 174 or 192 Da are expected. Intra- or
intermolecular cross-linking (174 Da) results if two
sites, which are in close proximity either within one
molecule or between two molecules, react with the two
ends of DTSSP. If a second site does not react with
DTSSP or if one end of DTSSP hydrolyzes before
reaction with the protein, peptides may be detected
with a hydrolyzed adduct (192 Da). The disulfide
bond at the center of DTSSP can be used to help identify
cross-linked peptides. Reduction of this disulfide bond
yields the initial molecule(s) with molecular masses thatr Inc. Received November 11, 2003
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the p
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DTSSP (Figure 1).
Our initial use of DTSSP to study the three-dimen-
sional structure of -crystallin assemblies gave many
products that could not be identified using the chemis-
try described in Figure 1. To better understand the
chemistry of DTSSP and similar cross-linking reagents,
we have studied the reaction of DTSSP with over 30
model peptides. Results of this study show that impu-
rities in certain buffers can react with DTSSP, that
impurities in the commercial DTSSP reagent react with
the protein, and that DTSSP can react with residues
other than Lys. Furthermore, this study shows that
some of these products are particularly sensitive to
in-source CID. Collectively, these results will aid in the
interpretation of results of studies using commercial
DTSSP to determine the three-dimensional structures of
proteins.
Experimental
Materials
The cross-linking reagent 3,3-dithiobis(sulfosuccinimi-
dylpropionate) (DTSSP) was purchased from Pierce
Figure 1. Reactions of DTSSP with peptides th
and dashed lines, respectively. If DTSSP reacts
intramolecular cross-link, thereby increasing th
DTSSP may react with residues in two different m
case, the molecular mass of the cross-linked pep
174 Da. Because DTSSP hydrolyzes rapidly in
adducts of hydrolyzed DTSSP. Each hydrolyzed
by 192 Da. Treatment of any of these species wi
DTSSP, resulting in mass increases of 88 Da toChemical Co. (Rockford, IL). Both potassium phosphate
monobasic and sodium hydroxide were purchased
from Mallinckrodt Chemical, Inc. (Paris, KY) and were
of “Analytical Reagent” grade. Model peptides (Glu-
fibrinopeptide B (gfp), angiotensin, -melanocyte
stimulating hormone (-MSH), G-5386 (GGYR), and
leucine enkephalin (LeuEnk)) and proteins, carbonic
anhydrase (CA) and bovine serum albumin (BSA),
were purchased from Sigma Chemical Co. (St. Louis,
MO). Peptides and proteins from commercial sources
were used without further purification. Dithiothreitol
(DTT) and trypsin were also purchased from Sigma
Chemical Co. Human lens -crystallins were isolated
from an 11 year-old lens obtained from the Lions Eye
Bank (Omaha, NE).
Preparation and Separation of Water-Soluble
-Crystallins
Homogenization and size exclusion chromatography of
the water-soluble human lens crystallins were con-
ducted as previously described [14] except that DTT
was excluded from the buffer. The -crystallins isolated
from size exclusion chromatography were fractionated
ve one or two reactive sites, indicated by solid
two residues within a peptide, it may form an
tide molecular mass by 174 Da. Alternatively,
ules to form an intermolecular cross-link. In this
is given by the sum of the peptide masses plus
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(Vydac C4, 4.6  150 mm, 300 Å). Proteins were eluted
at a flow rate of 1 mL min1 using a binary gradient of
water (Solvent A) and acetonitrile (Solvent B), both with
0.1% trifluoroacetic acid (TFA). The gradient increased
Solvent B from 20 to 70% in 50 min. A-Crystallin (A)
and B-crystallin (B) were detected at 280 nm, col-
lected and dried.
Digestion of Proteins
Digestions of BSA, CA, B, and A were conducted at
a 40:1 protein to trypsin ratio for 8 h at 37 °C in 100 mM
ammonium bicarbonate, pH 8.2. Tryptic peptides
were separated using a reversed phase HPLC analyt-
ical column (Vydac C18, 4.6  150 mm, 300 Å) with a
flow rate of 1 mL min1 and a binary gradient of
water (Solvent A) and acetonitrile (Solvent B), both
with 0.1% TFA. The gradient increased Solvent B
from 5–50% in 45 min. The eluate was monitored at
214 nm and peptide concentrations were determined
as previously described [15]. All peptides were recon-
stituted in water and stored at 80 °C as 300 M
stock solutions.
Cross-Linking Reaction
Peptide aliquots were diluted to 27 M in the reaction
buffer (100 mM phosphate buffer adjusted to pH 6.7
with NaOH). A pH slightly lower than recommended
in the DTSSP literature was chosen so that results
would be applicable to future experiments with pro-
teins that form disulfide bonds easily. Cross-linking
reactions were initiated by addition of a freshly pre-
pared solution of DTSSP to give a 5 M excess of DTSSP.
The solution was incubated at room temperature for 30
min, then dried. To reduce disulfide bonds in products
formed by reaction of CA 18-26 with DTSSP, half of the
dried sample was resuspended in the same buffer
Table 1. Distribution of products formed by reaction of comme
N-terminus
Peptide Sequence Unmodifie
CA9-15 HDGPEHW 14.2
CA cyc-9-15 cyc-HDGPEHW 100.0
CA 18-26 DFPIANGER 23.3
CA 18-26b DFPIADGER 25.3
CA 20-26 PIANGER 100.0
CA 20-26b PIADGER 100.0
CA 58-65 MVNNGHSF 2.3
CA 58-65b MVNDGHSF 1.9
B 12-17 RPFFPF 2.8
gfp EGVNDNEEGFFSAR 40.3
cyc-gfp EGVNDNEEGFFSAR 100.0
aPercent ion current was determined by dividing the ion current generat
all reaction products.
bResidues 23 and 61 were found deamidated.containing 30 mM DTT and incubated for 30 min at
37 °C. The same protocol was used to test the effect of
ammonia on the distribution of products of the cross-
linking reaction. For this experiment, the pH of the
reaction buffer was adjusted to 6.7 with NH4OH rather
than NaOH.
Product Analysis
The products of the cross-linking reactions were recon-
stituted in water with 0.1% formic acid (FA) and then
analyzed by online HPLC MS with a capillary column
(LC Packings C18, 300 m  25 cm, 300 Å). Peptides
were eluted at a flow rate of 5 L min1 using a binary
gradient of water (Solvent A) and acetonitrile (Solvent
B), both with 0.1% FA. The gradient increased Solvent
B from 5–50% in 45 min. Molecular weights were
determined using a quadrupole/time-of-flight elec-
trospray ionization mass spectrometer (ESIMS) (Mi-
cromass Q-TOF or Q-TOF Ultima, Manchester, UK).
The cone voltage was adjusted to give minimal
fragmentation. The CID MS/MS analysis of each
peptide was conducted using the collision energy
that generated the most useful fragmentation. To
determine the optimal energy for a peptide, a 200
fmol L1 solution (50% acetonitrile, 0.1% FA) was
directly infused into the mass spectrometer while the
collision energy was varied. For most peptides, opti-
mal collision energy values were 25 and 15 eV for 2
and 3 charge states, respectively.
DTSSP Analysis
An aliquot containing 1.3 g DTSSP (110 M freshly
prepared in 0.1% FA; pH 2.1) was loaded onto a
capillary peptide trap (Michrom CapTrap 0.5  2 mm).
The trapped reagent was washed for 5 min with water
at a flow rate of 5 L min1, and then eluted by
stepping the concentration of acetonitrile to 50% (0.1%
DTSSP with model peptides whose only reactive site was the
Abundancea
192 Da 191 Da 398 and 273 Da
42.4 7.0 36.4
- - -
39.8 0.7 36.2
59.1 0.08 14.8
- - -
- - -
65.2 1.7 30.7
64.9 1.2 32.0
81.0 3.3 12.8
41.5 4.4 13.8
- - -
each product of the DTSSP reaction by the sum of the ion current fromrcial
d
ed by
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a quadrupole/time-of-flight hybrid mass spectrometer
(Micromass Q-TOF, Manchester, UK).
Results and Discussion
Expected Products of the Reaction of DTSSP
Were Detected
All of the peptides studied yielded products showing
reaction of DTSSP with primary amines, as depicted in
Figure 1. For peptides that had only one reactive site,
the only product detected was a hydrolyzed adduct
(mass increase of 192 Da). For peptides with two
reactive sites, the products had molecular weights cor-
responding to the peptide plus one hydrolyzed adduct
(192 Da), plus two hydrolyzed adducts (384 Da), or
with an intramolecular cross-link (174 Da). Analysis
of these modified peptides by CID MS/MS showed that
DTSSP had reacted with the N-terminus and Lys resi-
dues, as expected. The peptide concentration was suf-
Figure 2. HPLC ESIMS analysis of two prod
commercial DTSSP. The gfp sequence is shown
result with a hydrolyzed adduct (192 Da) at th
which is gfp with a mass increase of 191 Da. The
(b) CID mass spectrum of m/z 881.92, which is g
of the parent ion is given in the inset. The 191ficiently low to minimize formation of intermolecular
cross-linkages. None of the adducts contained the suc-
cinimidyl group originally at the ends of the DTSSP
reagent. One succinimide is replaced as the cross-linker
attaches to the peptide. The second succinimide may be
replaced by reaction at another peptide residue or it
may hydrolyze. Finding no adducts with a succinimidyl
group shows that hydrolysis was complete within the
30 min reaction time. In addition to reaction of DTSSP
with primary amines, as described above, several other
products were detected for every peptide used in this
study.
Ammonium Salts Lead to Addition of 191 Da
All the peptides that had products indicating an
adduct of 192 Da (i.e., hydrolyzed DTSSP), also had a
191 Da adduct (Table 1). Based on ESIMS signals, the
abundance of the 191 Da adduct was 1–17% of the
192 Da adduct for these experimental conditions. In
formed by reaction of gfp (MW 1569.6) with
masses for the b and y fragments that would
erminus. (a) CID mass spectrum of m/z 881.42,
spectrum of the parent ion is given in the inset.
th a mass increase of 192 Da. The mass spectrum
adduct eluted just before the 192 Da adduct.ucts
with
e N-t
mass
fp wi
Da
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the 191 Da adduct always eluted immediately be-
fore the 192 Da adduct, suggesting that the struc-
tures of the 191 Da and 192 Da modifications were
similar. The CID MS/MS spectra of gfp (EGVND-
NEEGFFSAR, MW 1569.7) with the 191 Da modifi-
cation (m/z 881.42) and the 192 Da adduct (m/z
881.92) are presented in Figure 2a and b, respectively.
Analysis of these spectra showed that fragments y1
through y13 were unmodified, and that the masses of
fragments b1 through b3 were increased by 191 Da
(Figure 2a) or 192 Da (Figure 2b). These results showed
that both modifications occurred at the N-terminus of
gfp. No adducts were found for reaction of DTSSP with
the control peptide, cyc-gfp.
Addition of an odd integer of mass (i.e., 191 Da)
implied the addition of an odd number of nitrogens.
Since the hydrolyzed adduct of DTSSP does not contain
nitrogen (see Figure 1), other reactions that might lead
to addition of nitrogen were considered. For example,
the succinimide moiety of DTSSP could be replaced
with ammonia rather than water. Reaction with ammo-
nia would yield a product (i.e., an amide) with mass 1
Da less than the mass of the normal hydrolysis product
(Scheme 1). The increased nucleophilicity of ammonia
versus water makes this alternate mechanism likely,
even in aqueous solutions where the ammonia concen-
tration is very low. From the concentration of ammo-
nium hydroxide in reagent grade sodium hydroxide
and potassium phosphate used to prepare the solutions,
it was calculated that the ammonia concentration may
be as high as 18 nM. When this buffer was used for the
reaction of DTSSP with angiotensin, the 191 Da modi-
fication was only 2.9% of the combined ion currents for
the 191 and 192 Da adducts. In contrast, when the pH of
the phosphate buffer was adjusted with NH4OH, giving
an ammonia concentration of 877 nM, 50% of the
Scheme 1. Water and ammonia displacement re
cross linking studies using DTSSP are performecombined ion currents for the 191 and 192 Da adducts
was due to angiotensin with a mass increase of 191 Da
(data not shown). Since increasing ammonia concentra-
tion increased production of the 191 Da adduct, this
modification was attributed to the presence of low
levels of ammonia in the reaction buffer. These results
showed that even very low levels of ammonium impu-
rities in the buffer salts can lead to substantial amounts
of this unexpected product.
Impurity in DTSSP Leads to Addition of 398 Da
As shown in Table 1, all peptides that reacted with
DTSSP to give the anticipated hydrolyzed adduct
(192 Da), as well as the 191 Da adduct discussed
above, also gave what appeared to be adducts of 273
and 398 Da. Based on their ESIMS signals, the com-
bined abundance of these two unexpected adducts
was 15–90% of the expected 192 Da adduct. Peptides
with apparent adducts of 273 and 398 Da consistently
co-eluted as the last peak of the chromatographic
separation. For CA peptide 18-26 (DFPIANGER, MW
1017.5), HPLC MS analysis demonstrated that the
elution time was 54.5 min for the product(s) giving
ions corresponding to a 273 Da adduct (646.22) and
a 398 Da adduct (m/z 708.72) (Figure 3a). Thus, these
unexpected products eluted 12 min after the elution
of CA 18-26 with a hydrolyzed adduct (data not
shown). Finding identical selected plots for ions at
m/z 646.22 and 708.72 indicated either co-elution of
two different components or in-source CID of one
component. Analysis of the CID MS/MS spectra of
ions with m/z 646.22 and 708.72 (Figure 3b and c)
showed that the latter is the more likely explanation.
Except for fragments at m/z 1192.31 and 225.21 in
the CID spectrum of m/z 708.72 (note dashed lines in
Figure 3), the CID spectra of parent ions for the
ns that lead to192 and191 Da adducts when
the presence of ammonium ions.actio
d in
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identical. In both spectra, fragments y3 through y8
were unmodified, indicating that reaction with com-
mercial DTSSP had modified the N-terminus of CA
18-26. Furthermore, the masses of the only b frag-
ments in both spectra (b1 and b2) were increased by
273 Da. These results are consistent with formation of
only one adduct, 398 Da (m/z 708.72), which frag-
mented easily in the ESI ion source to lose 125 Da,
giving the apparent 273 Da adduct (m/z 646.22).
Absence of a significant peak at m/z 646.22 in the
CID MS/MS spectrum of the 398 Da adduct (Figure
Figure 3. HPLC ESIMS analysis of unexpected
1017.5) with commercial DTSSP. The sequence
fragments that would result if a 273 Da adduct
chromatographic peak at 54.5 min. Ions at m/z 64
273 and 398 Da; (b) CID mass spectrum of m/z 6
(inset). Arrows from (c) to (b) emphasize absence
spectrum of m/z 646.22.3c) suggests that this ion undergoes subsequent frag-
mentation to give the b1 and b2 ions with masses
increased by 273 Da. The identities of the two ions
unique to the CID spectrum of ions at m/z 708.72
(i.e., m/z 1192.31 and 225.21) are discussed below.
To help identify the unexpected 398 Da adduct,
DTT was added to the sample to reduce any disulfide
bonds. Analysis by HPLC MS of the reduced sample
showed that the two chromatographic peaks corre-
sponding to the 192 and 398 Da adducts (elution
times 42 and 54.5 min, respectively) were no longer
present. These results indicated that the 398 Da ad-
ucts from the reaction of CA peptide 18-26 (MW
A 18-26 is shown with masses for the b and y
at the N-terminus. (a) Mass spectrum from the
and 708.72 correspond to apparent adducts of
 (inset); (c) CID mass spectrum of m/z 708.72
aks at m/z 225.21 and 1192.31 in the CID massprod
of C
were
6.22
46.22
of pe
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DTSSP. The chromatogram of the reduced material had
only one peak, m/z 553.72, corresponding to a 88 Da
adduct. As indicated in Figure 1, this adduct was
expected following reduction of any product formed by
reaction of DTSSP. These results suggested that the 398
Da adduct may be due to an impurity in the commercial
DTSSP which, like DTSSP, contains a disulfide bond.
To determine the purity of the DTSSP reagent,
DTSSP was dissolved in water and analyzed by HPLC
MS. Spectra of the unretained material had a peak at m/z
630.91, which corresponded to the disodium salt of
DTSSP with an additional sodium ion. Finding a peak
for DTSSP only in the unretained material indicates that
no DTSSP was retained under these chromatographic
conditions. The mass spectrum of the major component
of the retained material, which eluted when the mobile
phase was stepped to 70% acetonitrile, is given in
Figure 4. The four major peaks present in this spectrum
were attributed to products formed by the reaction of
N,N-dicyclohexylcarbodiimide, (DCC), a catalyst used
in the synthesis of DTSSP [16], with a partially hydro-
lyzed form of DTSSP. This reaction, as well as those
responsible for the major peaks present in Figure 4, are
described in Scheme 2. The initial product of this
reaction has a molecular mass of 593.1, which gives the
large peak at m/z 594.11. Hydrolysis of this product
with loss of the sulfosuccinimide (177 Da) gives the
peak at m/z 417.21. The peaks at m/z 292.11 and
469.11 are due to loss of N-cyclohexylformamide (125
Da) through in-source CID of the parent ions at m/z
417.21 and 594.11, respectively. This interpretation is
supported by the mass spectrum of the same material
taken after 30 min of hydrolysis (Figure 4b). Further
hydrolysis during this time led to a substantial increase
in the peak at m/z 417.21 relative to the peak at m/z
594.1. However, the ratios of the peaks due to in-source
Figure 4. HPLC ESIMS analysis of commercial DTSSP. Mass
spectra were acquired after incubating DTSSP in water for (a) 0
min and (b) 30 min.loss of N-cyclohexyformamide (m/z 292.11 and
469.11) to their parent ions (m/z 417.21 and 594.11,
respectively) changed little with hydrolysis time. The
interpretation was confirmed by experiments using
different sampling cone voltages in the electrospray
interface which showed that the amount of fragmenta-
tion increased with increasing cone voltage (unpub-
lished results).
The reactions illustrated in Scheme 2 offer an expla-
nation for the unexpected products formed by reaction
of commercial DTSSP with CA peptide 18-26. Addition
of the impurity DCC-DTSSP to CA 18-26 would gener-
ate the 398 Da adduct with molecular mass of 1415.4
(m/z 708.72, Figure 3a). In-source CID of this adduct
leads to loss of N-cyclohexyl formamide (125 Da), to
give the apparent 273 Da adduct with molecular mass
1290.4 (m/z 646.22, Figure 3a). In the CID MS/MS
spectrum of m/z 708.72 (Figure 3c), the ion at m/z
1192.31 is attributed to loss of N,N-dicyclohexylurea
(224 Da) from the molecular ion for DCC-DTSSP-CA
18-26, while m/z 225.21 is the MH of N,N-dicyclo-
hexylurea (224 Da). Because m/z 646.22 is attributable
to the in-source CID product with only one remaining
N-cyclohexyl formamide group, it could not undergo
loss of N,N-dicyclohexylurea to form the ions at m/z
1192.21 and 225.21.
Scheme 2. Reactions occurring in commercial DTSSP that ex-
plain peaks found in the mass spectrum (Figure 4) of an impurity
that leads to the 398 peptide adduct (Figure 3).
743J Am Soc Mass Spectrom 2004, 15, 736–749 THE UNEXPECTED REACTIVITY OF DTSSPThese results showed that whenever DCC is used as
a catalyst in the synthesis of DTSSP or related cross-
linking agents, the reagent may include impurities that
react with the protein. Furthermore, the facile in-source
fragmentation of this adduct will complicate interpre-
tation of mass spectra.
DTSSP Reactivity is not Limited to Primary
Amines
Literature accompanying the commercial DTSSP
cross-linking reagent (Pierce Chemical Co.) suggests
that its reactivity is limited to primary amines. A
study of the reactivity of isolated amino acids with
N-hydroxysulfosuccinimide esters similar to DTSSP
detected minor products formed by reaction with
tyrosine and cysteine. No stable products were found
for reaction with tryptophan, histidine, serine, or
threonine [17]. Although reaction with polypeptides
is expected to be more complicated, reaction of
Figure 5. HPLC ESIMS analysis of products fro
with DTSSP. The sequence of BSA 336-345 is sho
result with a hydrolyzed adduct at the N-terminu
with one hydrolyzed DTSSP adduct). The mass s
mass spectrum of m/z 777.82 (BSA 336-345 with
of the parent ion is given in the inset.DTSSP with functionalities other than primary
amines has not been reported. Thus, reaction only
with Lys residues and the N-terminus was expected.
However, reaction of DTSSP with several peptides
whose sequences did not include Lys showed that
reaction can occur readily with other residues, par-
ticularly tyrosine. For example, the model peptide
BSA 336-345 (RHPEYAVSVL, MW 1169.6) was found
with both an intramolecular cross-link and two hy-
drolyzed adducts after reaction with DTSSP. To de-
termine the second point of attachment, the CID
MS/MS spectra of this peptide with one hydrolyzed
adduct (m/z 681.82) and two hydrolyzed adducts
(m/z 777.82) were compared (Figure 5). Fragments
b1, b2, and b4 through b8 in the spectrum of the
peptide with one hydrolyzed adduct had mass in-
creases consistent with an adduct of 192 Da at the
N-terminus (Figure 5a). Similar results were found
for fragments b1, b2, and b4 for the peptide with two
hydrolyzed adducts (Figure 5b), again demonstrating
e reaction of BSA peptide 336-345 (MW 1169.6)
ith masses for the b and y fragments that would
CID mass spectrum of m/z 681.82 (BSA 336-345
um of the parent ion is given in the inset. (b) CID
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wn w
s. (a)
pectr
two h
ted b
744 SWAIM ET AL. J Am Soc Mass Spectrom 2004, 15, 736–749reaction of DTSSP with the N-terminus of the pep-
tide. However, the masses of fragments b5 through b8
were increased by an additional 192 Da, and the
masses of y2 through y8 were also increased by 192
Da. These results demonstrated that DTSSP had also
reacted with Tyr 5.
Another model peptide that contained neither lysine
nor tyrosine, B 108-116 (QDEHGFISR, MW 1087.6),
also had two hydrolyzed adducts. The second point of
attachment was determined by comparing the CID
MS/MS spectra of B 108-116 with one and two hydro-
lyzed adducts (m/z 640.82 and m/z 736.82), respec-
tively; Figure 6. The masses of fragments y1 through y8, as
well as the masses of fragments b1, b2, and b4 through b6,
found in the CID MS/MS spectrum of this peptide with
one hydrolyzed adduct demonstrated that the adduct was
located at the N-terminus. The CID MS/MS spectrum of
this peptide with two hydrolyzed adducts was similar
(Figure 6b). Fragments b1, b2, and b4 through b6 had mass
increases of 192 Da, demonstrating that one hydrolyzed
Figure 6. HPLC ESIMS analysis of products fr
with DTSSP. The sequence of B 108-116 is show
result with a hydrolyzed adduct at the N-termin
with one hydrolyzed DTSSP adduct). The mass s
mass spectrum of m/z 736.82 (B 108-116 with t
of the parent ion is given in the inset. Peaks w
fragments of the unmodified peptide are indicaadduct was located at the N-terminus, and that the
second hydrolyzed adduct was not among the first six
residues. Unlike the peptide with only one hydrolyzed
adduct (m/z 640.82), fragments y2 through y8 were also
increased by 192 Da. The only unmodified y fragment
in the CID MS/MS spectrum of this peptide with two
adducts was y1. These results demonstrated that the
second hydrolyzed adduct was at Ser 8.
The general propensity of DTSSP to react with ty-
rosine and serine residues was investigated using 17
model peptides. These results, which are summarized
in Table 2, show that 85% of the tyrosine residues and
40% of the serine residues reacted with DTSSP under
the present experimental conditions. The only tyrosine
containing peptide that did not react with DTSSP was
A peptide 35-57. Perhaps, the length of A 35-57 and
the presence of two prolines provided some secondary
structure that limited the reactivity of the tyrosines. The
sequences of the serine containing peptides were also
examined for correlations between sequence and reac-
he reaction of B peptide 108-116 (MW 1087.5)
th masses for the b and y fragments that would
) CID mass spectrum of m/z 640.82 (B 108-116
um of the parent ion is given in the inset. (b) CID
ydrolyzed DTSSP adducts). The mass spectrum
asses 18 Da less than masses calculated for y
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reaction of DTSSP with tyrosine and serine residues has
been demonstrated, these products must be considered
when using DTSSP for the structural analysis of pro-
teins.
CID Fragmentation of DTSSP Adducts to Ser
The stability of bonds joining the DTSSP adduct to
lysine, tyrosine and serine sidechains was studied by
CID MS/MS. Although there was no evidence for loss
of the DTSSP adduct from lysine or tyrosine
sidechains, strong peaks corresponding to this loss
from serine were present in the CID spectra of
serine-DTSSP adducts. For example, peaks marked
by an asterisk in the CID spectrum of B 108-116
(Figure 6b) have masses that are 18 Da less than the
fragment masses expected for this peptide with serine
unmodified. Prominent peaks corresponding to y2
through y8 less 18 Da are present in this spectrum.
Furthermore, the peak at m/z 631.82, which was
formed by loss of 210 Da from the molecular ion,
provides additional evidence for loss of the DTSSP
adduct from serine. Peaks corresponding to this loss
were not present in the CID mass spectra of peptides
with DTSSP adducts at residues other than serine.
Fragmentation of the DTSSP-serine linkage is illus-
trated in Scheme 3a.
Evidence for cleavage of the DTSSP-serine bond was
found in the CID mass spectra of several other peptides.
For example, the CID mass spectrum of -MSH (ac-
SYSMEHFRWGKPV, MW 1664.7) with two hydrolyzed
adducts showed a loss of 210 Da from the parent ion, as
well as several b fragments with mass deficits of 18 Da
(data not shown). There was also evidence of fragmen-
tation of the DTSSP-serine linkage when it formed an
Table 2. Unexpected reactivity of DTSSP with tyrosine and seri
Peptide Sequence N
CA 27-35 QSPVDIDTK
CA cyc-27-35 cyc-QSPVDIDTK
CA 58-65 MVNNGHSF
CA 58-65a MVNDGHSF
CA 95-106 HWGSSDDQGSEH
CA 158-166 VLDALDSIK
B 83-90 HFSPEELK
B 108-116 QDEHGFISR
A 35-57 DLLPFLSSTISPYYRQSLF
RTVL
BSA 106-173 YNGVFQECCQAQNK
BSA 336-345 RHPEYAVSVL
Angiotensin DRVYIHPFHL
-MSH ac-SYSMEHFRWGKPV
G-5386 GGYR
LeuEnk YGGFL
gfp EGVNDNEEGFFSAR
cyc-gfp cyc-EGVNDNEEGFFSAR
aResidue 61 was found deamidated.intramolecular cross-link between the N-terminus and
Ser 8 of BSA peptide 336-345 (RHPEYAVSVL, MW
1170.6). In addition to the normal fragments used to
determine the location of this cross-link, there was a
series of intense ions corresponding to b1, b2, and b4
siduesa
Point of Modification
inus Lysine Tyrosine Serine
s Yes - No
Yes - No
s - - No
s - - No
s - - Yes
s Yes - No
s Yes - Yes
s - - Yes
s - No No
s Yes Yes -
s - Yes Yes
s - Yes -
Yes Yes Yes
s - Yes -
s - Yes -
s - - No
- - No
Scheme 3. Fragmentation of DTSSP-Ser adducts illustrated in
Figure 6.ne re
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746 SWAIM ET AL. J Am Soc Mass Spectrom 2004, 15, 736–749through b6 with mass increases of 192 Da (data not
shown). These fragments would result if the bond
between the DTSSP modification and Ser 8 were
cleaved while the DTSSP modification at the N-termi-
nus remained intact (Scheme 3b).
CID Fragmentation of Peptides with
Intramolecular DTSSP Cross-Linkages
Identification of peptides with intramolecular cross-
linkages formed by DTSSP is an important step in using
this reagent to study the three-dimensional structures of
proteins. Preliminary identification is most easily made
from the molecular weights of peptides and the now
known reactivity of DTSSP with lysine, tyrosine and
serine residues. The CID spectra of these peptides may
be used to confirm their identity and to locate more
accurately the DTSSP cross-linkages. However, pres-
ence of intramolecular DTSSP cross-linkages can sub-
stantially alter their collision induced dissociation,
thereby complicating interpretation of their CID mass
spectra. Angiotensin (DRVYIHPFHL) with an intramo-
lecular cross-link is an example a peptide where only a
small region is cyclized by the DTSSP cross-linkage. The
CID mass spectrum of this modified peptide, which is
presented in Figure 7, has major peaks for b4 through
b9, as well as for y3 and y4. These peaks are sufficient to
confirm the identity of this peptide and to establish the
DTSSP cross-linkage between the N-terminus and Tyr
4. No peaks in the CID spectrum could be attributed to
fragmentation of the cyclized region. Thus, although
the CID mass spectrum of this peptide differs substan-
Figure 7. HPLC ESIMS/MS analysis of ang
increased the molecular weight of the peptide to
of angiotensin is shown with masses for the b an
spectrum of the parent ion is given in the inset.tially from that of the unmodified peptide (not shown),
it is still easily interpreted.
In contrast to the relatively simple case of angioten-
sion, CID fragmentation of CA 158-166 where the entire
peptide is cyclized by DTSSP is very complicated be-
cause informative fragment ions are formed only when
two bonds are broken. That is, one bond must be broken
to “linearize” the ring followed by breaking of a second
bond to produce a fragment with a distinctive mass.
Similar complex spectra have been reported for CID of
cyclic peptides and a nomenclature for describing their
fragments has been established [18, 19]. Cleavage of the
“linearized” peptide may give “b” fragments, which are
designated by the subscript “nXY”. The N- and C-
terminal residues of the linearized peptide correspond
to “X” and “Y”, respectively, while “n” denotes the
number of residues retained in the fragment. For exam-
ple, cleavage of the amide bond between Ile 8 and Lys
9 of CA 158-166 with an intramolecular cross-link
between the N-terminus and Lys 9 generates a linear
structure with lysine at one end and isoleucine at the
other end. Cleavage after Val 1, Leu 2, and Asp 3
generates the fragments b2KI, b3KI, and b4KI, respec-
tively. Because any of several different bonds may be
broken to linearize the cross-linked peptide, the CID
mass spectra may be very complex. However, analysis
of the CID mass spectrum of cross-linked CA 158-166
(Figure 8) shows that most of the peaks can be identi-
fied. For instance, all possible b fragments from the
linear structure with lysine and isoleucine at the ends
(b2KI through b8KI) were detected. Furthermore, the
smallest fragment possible that involves the intramolec-
sin with an intramolecular cross-link, which
6 (i.e., a mass increase of 174 Da, ). The sequence
ragments of the cross-linked peptide. The massioten
1469.
d y f
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(m/z 4201) was detected. Presence of this ion and the
absence of fragments corresponding to a cross-link
between any other residues confirmed that the intramo-
lecular cross-link of CA 158-166 was between the N-
terminus and Lys 9.
Modification Weakens Amide Bond Strength
Fragments formed by in-source CID can complicate
identification of cross-linked peptides in protein di-
gests. Our initial analysis of -MSH (ac-SYSMEHFR-
WGKPV, MW 1664.7) showed in-source CID between
Lys 11 and Pro 12, consistent with previous studies
reporting that amide bonds preceding prolines are
particularly susceptible to cleavage [20]. To avoid this
fragmentation, the cone voltage in the ESI source was
decreased so that the only ions in the mass spectrum of
the unmodified -MSH corresponded to the 2 and 3
states of the parent (data not shown). Similarly, the only
Figure 8. HPLC ESIMS/MS analysis of CA p
cross-link between the N-terminal Val and the C-
parent ion is given in the inset to the CID mass sp
ring opening at various points along the peptide
m/z of fragments not detected. The m/z of frag
cleavage are replaced by n/a because no cleav
detected.ions in the mass spectrum of -MSH with a hydrolyzed
adduct at Tyr 2 corresponded to the 2 and 3 states of
the parent ions (data not shown). Despite these mild
conditions, the mass spectrum of -MSH modified at
Lys 11 showed evidence of fragmentation of the amide
linkage joining Lys 11 and Pro 12 (Figure 9). In addition
to peaks for the 2 and 3 charge states of the -MSH
molecular ion with a hydrolyzed adduct at Lys 11 (m/z
929.52 and 620.03, respectively), there is a peak cor-
responding to the b11 fragment (m/z 822.4
2). Other
major peaks in this spectrum are due to co-elution of
-MSH with an intramolecular cross-link between Tyr 2
and Lys 11. In addition to 2 and 3 charge states for
the molecular ion (m/z 920.52 and 613.93, respec-
tively), there is a peak corresponding to the b11
fragment (m/z 813.42). These b11 fragments indicated
that the binding of DTSSP at Lys 11, whether as a
hydrolyzed adduct or as part of a cross-link, further
strained an amide bond already weakened by pro-
line. These results show that addition of DTSSP can
e 158-166 (MW 972.5) with an intramolecular
inal Lys (m/z 574.32). The mass spectrum of the
m. The m/z of the b fragments formed following
bone are given in the table. A dash replaces the
s whose generation would require cross-linker
of DTSSP bound to primary amines has beeneptid
term
ectru
back
ment
age
748 SWAIM ET AL. J Am Soc Mass Spectrom 2004, 15, 736–749favor in-source dissociation of peptides, which is
likely to complicate identification of cross-linked
peptides.
Conclusions
Digestion of proteins cross-linked with DTSSP yields a
mixture of peptides that may be modified in several
different ways. To maximize the number of cross-linked
residues identified, and hence the structural informa-
tion, one must identify all of the ions detected. Identi-
fication of all cross-linked peptides is generally possible
only when the reactivity of the cross-linking reagent
and the behavior of modified peptides during analysis
are known. The present study has shown that reaction
of the cross-linking reagent with ammonium ions
present only as an impurity in the buffer can compete
effectively with hydrolysis. The present study has also
shown that DTSSP may contain a substantial quantity
of a reactive impurity that was formed during synthesis
with a catalyst. Because DTSSP undergoes hydrolysis
rapidly, chromatographic purification of DTSSP is dif-
ficult. The present study has also shown that DTSSP
reacts readily with most tyrosine residues and many
serine residues. While this unexpected reactivity com-
plicates analysis of the mass spectra, it does provide the
opportunity for added structural information. Lastly,
the present study shows that modification of peptides
with DTSSP can substantially alter their CID, which
may lead to facile fragmentations in the electrospray ion
source that are difficult to interpret.
Results of the present study will likely have general
utility because DTSSP is just one of the several bis-N-
hydroxysuccinimidyl esters commonly used for cross-
linking proteins (i.e., BS3, DSP, EGS). Furthermore,
these cross-linkers follow the same mechanism for side
chain modification [16], and will therefore likely react
with tyrosine and serine sidechains. Our understanding
of all of the major reactions of commercial DTSSP with
proteins has led to development of a computer pro-
gram, FragMatch, which facilitates automated analyses
Figure 9. HPLC ESIMS analysis of two products formed by
addition of DTSSP to Lys 11 of -MSH (ac-SYSMEHFRWGPKV,
MW 1664.7). Ions with m/z 620.03 and 929.52 correspond to
molecular ions of this peptide with a hydrolyzed adduct at Lys 11.
Ions with m/z 613.93 and 920.52 correspond to molecular ions of
this peptide with an intramolecular cross-link between Tyr 2 and
Lys 11. Ions with m/z 813.42 and 822.42 were formed through
in-source CID, even though the ion source had been tuned to
minimize fragmentation.of the mass spectra of all peptides found in digests of
proteins cross-linked with DTSSP [21].
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